We analyze the possibility of performing a deep survey of a part of the sky near the poles of the spacecraft orbit from a low-orbit spacecraft with fixed orbital orientation. The survey depth can be increased by several magnitudes by reducing the surveyed sky area to strips along one or two minor circles at constant declination. The surveyed area is scanned by precession of the spacecraft.
METHODS OF SURVEY OBSERVATIONS
Sky surveys are among the main techniques of astronomical observations along with observations of individual objects or lists of individual objects of a certain type. Specifics of survey observations is that every point in a certain sky area should appear at least once within the field of view of the observing instruments, and hence all astronomical objects 1 within the corresponding area should be registered. The result of a survey is a catalog 2 , i.e. a table of objects recorded during the survey that contains the measured parameters of these objects.
Massive surveys covering substantial sky areas can be performed in two different ways: pointed observations and scanning. Pointed observations mean that the image of the recorded sky area does not move with respect to the detector during the exposure. A pointed survey produces a set of frames covering the sky area studied.
In the case of a scanning survey, object images drift continuously and uniformly across the detector. This is usually achieved via uniform rotation of the telescope. The detector must compensate the "blurring" of the object caused by this drift, and signals are read out at the time when the image leaves the detector area. This is possible if CCDs operating in the Time Delay Integration (TDI) mode are used (Howell 2006) . In this mode, CCD columns should be aligned along the image drift direction, and the accumulated charge is transferred along the columns of the CCD in the direction and at the speed of the motion of the sky image. Recently, the first prototype CMOS chips with the possibility of charge transfer were made (Lepage et al. 2009 ); however, their charge transfer efficiency is much inferior to that of CCD chips, making the former so far unsuitable for astronomical observations. There is no need for TDI mode if the detector is a linear CCD or CMOS array consisting of a single row; however, such a detector cannot be used for long scanning exposures.
Note that, in some sky surveys, the drift of the image across the detector, resulting from continuous rotation of the telescope, is compensated during the exposure by a swivel mirror rotating in the opposite direction. In this case, each exposure is performed in pointed mode despite the nonuniform rotation of the mirror. This technique was used to perform 2MASS (Skrutskie et al. 2006) and WISE (Liu et al. 2008; Mainzer et al. 2006) surveys. We do not classify observations carried out using this technique as scanning surveys.
A scanning survey produces a series of sky image scans whose width is equal to the detector row width and whose length is determined by the duration of the continuous observing set. In principle, even an all-sky survey may consist of a single scan if observations are performed continuously 3 . Sky surveys can be performed both from ground and from spacecraft. In either case, both methods of observation -pointed and scanning -can be used. It goes without saying that the implementation of both observing methods differs for ground-based and spaceborne observations.
Note that scanning has certain advantages over pointed observations in the case of surveys aimed at achieving high photometric or astrometric accuracy. In the case of pointed observations, the survey consists of performing the following cycle of operations: (1) pointing the telescope to the observed area; (2) stabilization of the instrument before observations; (3) actual exposure; (4) readout of the image obtained; (5) repointing the telescope to a new observing area.
Stabilizing the instrument on the ground does not take much time because of strong damping of the structures involved, whereas this process can be rather long for spaceborne instruments. Similarly, it may take much longer to repoint the instrument in space than on the ground. Some of these operations can be performed concurrently. Thus, readout can be performed during repointing and stabilization. The image can also be read out during the next exposure; however, the detector in this case should consist of a frame-transfer CCD 4 (Howell 2006 ) or a CMOS with extra memory cells for global shutter (Sakakibara et al. 2012) .
Scanning observations include all the above operations, with the stabilization of the instrument performed once at the beginning of the scanning session, and all the other operations -repointing (i.e., uniform movement) of the instrument, exposure, and image readout -performed concurrently.
The following factors contribute to the increased accuracy of scanning observations. First, the detector and all electronics operate in permanent mode without switching between exposure, readout, and waiting as in the case of pointed observations. This results in reduced thermal and electric fluctuations and smaller measurement errors. Second, the transit of an object across a large number of detector pixels during the exposure reduces the effect of pixel-to-pixel differences and hence the measurement errors. Furthermore, observing time losses are smaller in the case of scanning-mode observations. This factor does not increase the measurement accuracy; however, it should evidently be considered as an advantage of a scanning survey over a survey based on pointed observations.
EXAMPLES AND SPECIFICS OF SURVEYS PERFORMED USING DIFFERENT METHODS
Classical massive all-sky surveys, such as the Palomar Sky Survey (Abell 1959; Reid et al. 1991; Gal et al. 2004) or Carte du Ciel (Kuimov et al. 1997) , were done from the ground using the photographic method. These surveys were performed with telescopes equipped with a guiding mechanism, which, in ground-based conditions, implements the technique of pointed observations.
A spaceborne telescope using pointed observations is the HST (Ubeda 2014). To perform a particular observation, the HST establishes a three-axial orientation (i.e., constant orientation in an inertial reference frame) and maintains it very accurately throughout the observing run.
The maximum duration of ground-based pointed observations is limited by the rising and setting of the objects being observed. In spaceborne observations, the exposure can, in principle, be indefinitely long.
SDSS is a typical example of a massive ground-based sky survey based on the scanning method (Ahn et al. 2012; Gunn et al. 1998; York et al. 2000) . This survey does not cover the entire sky, but just areas near the Galactic poles plus some extra connecting stripes. Most of the SDSS scans were made in the meridional direction in a dedicated system of celestial coordinates. In this system, the poles have the coordinates δ = 0
• , and α = 6 h 20 m and 18 h 20 m , respectively. The typical scan length is about 70
• . The scans of the connecting stripes have a different orientation and length (York et al. 2000) . The appropriate motion of the field of view is provided by the appropriate operation modes of the SDSS telescope mount (SDSS Project Book 1999). The scanning procedure is planned so that scans would cover the entire survey area.
In spaceborne surveys, uniform rotation of the scanning telescope is usually achieved via axial rotation of the spacecraft or via its orbital motion with constant orbital attitude maintained.
Examples of scanning all-sky surveys based on spacecraft rotation include Gaia (Perryman 2005) and Hipparcos (Perryman 2010 ) astrometric missions. In these missions, the telescope sighting axis is perpendicular to the rotation axis. Sky coverage is provided by the precession of the spacecraft rotation axis, caused by external torque. For Gaia, the periods of axial rotation and precession are 6 h and 63 d , respectively, and the angle between the rotation and precession axes is 45
• . The corresponding parameters for Hipparcos are 2.1 h, 57 d and 43
• , respectively. In both missions, the precession axis is directed toward the Sun. The exposure duration in the case of such scanning is determined by the rate of axial rotation, which cannot be reduced appreciably.
The second method consists in mounting a scanning telescope on a near-Earth spacecraft with a fixed orbital orientation. Such an orbital orientation means that during the orbital motion one of the structural axes of the spacecraft permanently points to the Earth center, and another axis points along the orbit in the direction of the spacecraft motion. In the case of fixed orbital orientation, the spacecraft makes one rotation about the axis normal to the orbital plane while completing a single orbit. If a telescope is fixed to such a spacecraft, its field of view would scan the sky. For a telescope to scan at a constant rate, the spacecraft orbit should be circular.
The best direction of the telescope sighting axis in this scanning mode is in the orbital plane of the spacecraft. In the case of such orientation, star tracks in the focal plane are maximally close to straight lines 5 . Sky coverage by the scans is provided by the precession of the spacecraft's orbital plane due to the non-sphericity of the Earth's gravitational field. The orbital inclination i remains unchanged during precession. The direction of precession is opposite to that of the Earth's rotation for direct orbits (i < 90
• ) and coincides with it for retrograde orbits (i > 90
• ). Strictly polar orbits (i = 90 • ) undergo no precession.
If the telescope sighting axis lies in the orbital plane, then the resulting scans cover the spherical zone |δ| < i + w/2, where w is the width of the scanning band. In this case, sky areas near the celestial poles remain uncovered. The entire sky can be covered only by surveys made from almost polar orbits 6 , 90
DEEP SCANNING SURVEY FROM A LOW-EARTH-ORBIT SPACECRAFT
The main technique for spaceborne deep sky surveys ("pinholes") is to use a spacecraft with three-axial pointing. In this case, the exposure may, in principle, be arbitrarily long. This is how the Hubble Space Telescope works.
The exposure in the case of deep ground-based surveys is limited by the duration of nighttime. Shorter exposures, compared to those provided by spaceborne telescopes, are compensated by larger diameters of ground-based instruments. One can also stack images taken in several consecutive exposures.
Is it possible to perform such observations from a low-orbit spacecraft with a fixed orbital orientation, e.g., from the International Space Station (ISS).
Let us consider as a base case the all-sky photometric survey to be made from the ISS, described in Zakharov et al. (2012) . For this survey, the telescope is to be mounted onboard the ISS. During observations, the instrument is fixed to the ISS frame. Because of the fixed orbital orientation of the station, the sighting axis of the telescope rotates with the orbital period of the ISS, which is 90 minutes.
The ISS orbit has an inclination of about i = 51.6
• and precesses with a period of 72 days. If the telescope sighting axis is located in the orbital plane, then scans cover a spherical zone with |δ| < 52
• . To observe circumpolar sky areas, the telescope axis is directed at an angle of 38.4
• to the orbital plane, north or south of it. The combination of these three modes suffices to survey the entire sky.
The focal plane assembly of the telescope has the angular size 1
• × 1 • (in the sky projection). It houses a total of 11 pairs of CCDs operating in the TDI mode (see Fig. 1 ). Images of astronomical objects -primarily stars -successively cross these CCDs. The first one to be crossed is the CCD with a panchromatic spectral response curve, which has the highest limiting magnitude. It is followed by 10 CCDs equipped with various spectral filters implementing the "Lyra" photometric system. This takes 10 s and 1.05 s to cross the entire focal plane assembly or a single CCD, respectively 7 . In observations performed in the orbital plane, star images in the focal plane move along parallel lines. When the telescope is pointed outside the orbital plane, these lines become arcs whose curvature increases with the angle between the telescope's direction and the orbital plane. In this case, the images that are closer to the pole of the orbit move slower and those that are farther from the pole move faster (see Fig. 2 ). Under these conditions, the TDI mode cannot fully compensate the blur of the images of astronomical objects. In the case of the 38.2
• deflection angle, exposures increase by about 30% compared to the case of scanning in the orbital plane, but the resulting blur decreases the signal-to-noise ratio.
For a 10% photometric error, the limiting magnitude of a telescope with a 0.5 m diameter primary mirror 8 , operating with exposures mentioned above, is equal to 7 The crossing time for the entire focal plane assembly is somewhat longer than the sum of the crossing times for individual CCDs because of the technological gaps between the CCDs. Here we give the crossing times for scanning in the orbital plane of the ISS.
8 This maximum size is limited by the technicalities of the delivery and mounting of the telescope on the Russian segment of the ISS (RS ISS 2011).
Fig. 2.
Star tracks in the focal plane of the "Lyra-B" telescope. Left: scanning in the orbital plane, star tracks are practically rectilinear; right: scanning of the circumpolar region, star tracks are appreciably curved (the curvature of the tracks is increased by a factor of 30). Fig. 3 . Star tracks in the focal plane of the "Lyra-B" telescope pointed to the pole of the orbit. Left: the case of the fixed telescope; right: the case of the telescope rotating with the orbital period (the curvature of the tracks is increased by a factor of 30). Note that the left-hand panel differs appreciably from classical photos of "star arcs" taken with a fixed camera. This is because we observe the central part of the pattern, where linear velocities of star images due to rotation are comparable to the precession speed.
18.5, 17.3, and 16.3 mag in the panchromatic, V and B passbands, respectively (Zakharov et al. 2012) .
Can the same instruments as those employed in the "Lyra" mission be used to perform a substantially deeper survey, i.e., can the exposure duration be increased substantially, possibly, with only a part of the sky to be observed?
Let us see what happens in the case of the maximum deflection (90 • ) of the telescope axis from the ISS orbital plane. In this limiting case, the telescope points to the pole of the ISS orbit. The motion of star images in the focal plane is then a superposition of two independent motions: (1) "rapid" rotation about the pole of the orbit with a period of about 90 minutes and (2) "slow" drift due to the precession of the orbit (see Fig. 3, left-hand panel) . Images with such motions are totally unsuitable for TDI mode observations. However, fast rotation can be compensated by rotating the focal plane or the telescope as a whole with the orbital period in the direction opposite to that of the orbital motion of the station. Then only a rectilinear precession drift of star images remains, which can be observed in the TDI mode (see Fig. 3, right-hand panel) .
In the case of the orbital inclination and precession period of respectively i = 51.6
• and P pr = 72 d, it would take about 6.1 hours for star images to cross the 1
• wide field of view of the telescope. The exposure at the pole of the orbit is a factor of 1500 longer than in the case of orbital scanning in the orbital plane.
Such an increase in the exposure duration can translate into a 7.9 mag increase of the limiting magnitude for point sources, allowing objects as faint as 26.4, 25.2, and 24.2 mag to be registered in the panchromatic, V and B bands, respectively. However, a number of conditions should be fulfilled for the survey to reach such limiting magnitudes. First, CCDs in the focal plane should be cooled to reduce the dark current. The dark-current signal accumulated during six hours should be about the same as the dark-current signal accumulated during 15 s in the case of orbital-plane scanning. Thus, the dark current should also be reduced by a factor of 1500, which, according to the e2v CCD datasheet (e2v 2011), can be achieved by reducing the CCD temperature by 50
• C. The second condition requires that the contribution of the sky background should not exceed the signal from the observed object. Sky background in areas far from the Sun, the ecliptic and Galactic planes is about 23 mag per square arcsecond. If the image of a star or another point source is located within a single CCD pixel, the size of such a pixel should be 0.2 ′′ , 0.4 ′′ , and 0.5 ′′ for panchromatic, V and B bands, respectively. If the image is spread over several pixels, the corresponding pixel sizes should be further reduced by a factor of two to achieve the limiting magnitudes mentioned above. Note that pixels in the "Lyra" telescope have a size of 0.8 ′′ and therefore the target limiting magnitudes for polar observations cannot be achieved without modifying the telescope design.
CONCLUSIONS
We analyze a technique that permits to perform a several magnitudes deeper scanning survey from onboard a low-earth orbit spacecraft with fixed orbital orientation, e.g. from onboard the ISS. The increase of the exposure duration is achieved by using for sky scanning the orbital precession rather than the orbital motion of the spacecraft.
In this mode, longer observations are performed in one or two minor circles at a declination equal to the complement of the orbital inclination to 90
• : δ = ±(90 • − i). In this case, the exposure duration is determined by both the length of the scanned circle and the rate of precession.
Such surveys cannot be performed near the celestial equator or near the celestial poles because polar and equatorial orbits do not precess.
Performing such a survey from onboard the ISS is of certain interest for Galactic astronomy because it would produce a rather deep "cut" of the sky crossing the Galactic plane. However, this idea requires further investigation.
